Based on studies of the geochemical elements of core sediments collected from the subaqueous Yangtze River delta front, combined with 210 Pb and 137 Cs nuclide dating, element recording profiles were set up and anthropogenic impacts on the sedimentary records were considered. The results suggest that (1) The core formed since 1945, of homogeneous clay and silt sediments. (2) The content of most elements underwent little change, but the content of S and Nb increased gradually. In particular concentrations of these elements and heavy metals increased rapidly and were maintained at high levels in the surface and sub-surface layers (i.e. since the 1990s). The elements S, As and Nb and principal factor 4 (F4), which were sensitive to anthropogenic impacts, could be used as indicators of human activities. (2003), five periods of the geochemical elements records were obtained. These corresponded to the ages of from the Chinese Civil War to the early stages of planned economy, the implementation of planned economy, the reform and opening-up period, the market economy establishment phase and the environment control and protection stage after 2003, respectively.
River deltas, coupling complex physical, chemical, biological and geological processes are major areas of energy and material exchange between land and ocean. They are thus the ideal place to study land-ocean interaction, and have been one of the frontiers of marine geology [1, 2] . On the other hand, large-scale discharge of anthropogenic pollutants has meant that large river basins and deltas have been the regions most frequently and extensively affected by human activities, causing environmental degradation and even changes in the substrate environment [3] [4] [5] [6] [7] [8] [9] . Because of the high sedimentation rate, both natural and human processes will leave a high resolution record in a delta. That means that deposition processes in deltas as well as anthropogenic impacts can be studied in the sedimentary records *Corresponding author (email: djfan@ouc.edu.cn) of deltas.
The Yangtze River, with a drainage area of 1.80×10 6 km 2 , is the third largest river in the world; the average annual sediment and water discharges are 4.86×10 8 m 3 t and 9.28×10 11 m 3 , respectively, and form a large-scale modern delta system in the estuary [10, 11] . The Yangtze River delta economic zone is one of the most developed regions in China. Since anthropogenic pollutant emission increases year by year, the delta and its coastal ecological system have suffered serious environmental deterioration. There have been several studies of the geochemical characteristics and the distribution of heavy metals, nutrients and organic pollutants in sediments from the Yangtze River estuary and its adjacent areas, which indicate a significant human impact in this area [5, 9] . In recent years, although the sediment discharge has decreased, N, P and other nutrient discharges of the Yangtze River have increased yearly, leading to the frequent occurrence of red tide in the estuary [3, [6] [7] [8] . It has been reported that the concentrations of organic pollutants and Pb in cores of the Yangtze River estuary have had a positive response to economic development [4, 12] . However, studies of high-resolution sedimentary records coupled with human activities in the Yangtze River delta are scarce.
Based on studies of the geochemical elements and grain size of core sediments collected from the subaqueous Yangtze River delta front, in combination with 210 Pb and 137 Cs nuclide dating, the particle size and elemental record profiles since 1945 were established, and the human activities impacts on the sedimentary record were considered. This can provide a reference to understanding sedimentation in large river deltas and evaluation of the anthropogenic impacts on estuaries and deltas.
Materials and methods

Sampling
The sampling site (station 18: 122°37.132′E, 31°00.990′N) is shown in Figure 1 . The sediment core was collected in June 2006 using a gravity corer (226 cm long) deployed from the R/V Dong Fang Hong 2 of the Ocean University of China (OUC). The sampling site was located in the Yangtze subaqueous delta front in 20.4 m water depth [13] .
The core was cut for analysis after transportation to the laboratory. Samples for the grain size test were cut at 0.25 cm interval, giving 906 samples; for dating analysis, 45 Figure 1 Sample station, water depth and general circulation in the study area compiled after [14, 15] . TWWC: Taiwan Warm Current; YSCC: Yellow Sea Coastal Current; ECSCC: East China Sea Coastal Current; shadows indicate muddy sediments. samples of 5 cm interval were sliced and 76 samples of 3 cm interval were obtained for geochemical testing.
Sample analyses
(1) Grain size analysis. Grain size was determined by a laser particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd., UK) in the Key Laboratory of Submarine Geosciences and Technology of Ministry of Education, OUC. The grain size interval is 1/4Φ, and repeat test relative errors were < 2%. The parameters of grain size were calculated by Folk and Ward's formula [16] . Pb standard samples was done at the University of Liverpool, UK [17] .
(3) Geochemical elements analyses. The elemental concentrations were measured using a desktop polarization Energy-dispersive X-ray Fluorescence Spectrometer (EDXRF) (SPECTRO LTD., Germany) in the Key Laboratory of Submarine Geosciences and Technology of the Ministry of Education, OUC. The "TurboQuant-Geo" method was used, and was proved to be reliable in several tests [18] . The measurement quality was controlled using national standards (GSMS-2, stream sediment) and parallel sample measurements. A standard was added after every 10 samples. Relative standard deviations (RSDs) of the standards for most elements were generally <2% (the largest was 9.93%), indicating the high precision of the instrument.
Results
Sediment components and dating model of the sediment core
The core sediment was mostly brownish or yellowishbrown, and was composed of sand, silt, and clay, with dominant components of silt and clay. The fractions of sand, silt and clay were 0-12.56%, 31.32%-88.39%, 3.9%-60.23%, respectively. Vertically, the silt and clay fractions of sediments were laminated, showing the two components were deposited in sequence. Horizontal stratifications were developed and well-preserved. From the bottom to the top of the core, there were no distinguishing erosion discontinuities ( Figure 2 ).
The activities of excess Pb with depth, the average deposition rate was found to be 2.6 cm/a with a correlation coefficient of 0.27, which was inconsistent with other studies of sedimentation rate in this area [19, 20] . This may be due to frequent natural disasters and the dynamic effects of storms and tides in recent years causing vertical differences in particle size and deposition rate. The absence of physical and chemical calibrations and the uncertainty in the 210 Pb measured data [21] meant that the activities of excess 210 Pb were not applicable in this study. The 137 Cs level has two obvious peaks, corresponding to 1986 (Chernobyl nuclear accident) and 1963 (a large number of nuclear tests in the early 1960s) [22] [23] [24] [25] [26] (Figure 2 ). Previous studies commonly reported the 1963 137 Cs peak in Yangtze River estuary sediment, while there were few reports of the 1986 peak [19, 20] . Using the calibration based on the two dated peaks, the average sedimentation rates were 4.35 cm/a before 1986 and 2.50 cm/a after 1986. The average deposition rate of the whole core was 3.70 cm/a, which is in good agreement with the results of other studies in this region [19, 20] . The decrease in average accumulation rate in recent decades can be attributed to the impacts of human activities. According to our calculations, the core has been accumulating since 1945.
Element geochemical records
(1) Major elements. As shown in Figure 3 , the major elements showed little variation along the core. According to the different trends of the element contents, the core could be divided into upper and lower parts at a dividing point at 110 cm (~1972). The major elements could be divided into four categories. (1) Si and Na showed similar trends in variation, decreasing in the lower part of the core, and fluctuating at 185-170 cm (~1955 -~1958). Both increased sharply after 110 cm and maintained relatively high levels in the upper part of the core. They fluctuated noticeably at 110-70 cm (~1972 -~1981), with a high concentration peak at 26 cm (1996) . (2) Concentrations of Al, Mg, Fe, K, Mn and Ti first increased and then decreased in the lower part of the core. They had obvious fluctuations at 185-170 cm (~1955-~1958) and 140-110 cm (~1965 -~1972), with the highest value at 160 cm (~1960). In the upper layer, fluctuations of these major elements increased, most obviously at 110 -70 cm (~1972 -~1981), and became more consistent above 70 cm. There were minor peaks at 26 cm (~1996). (3) Cal and P contents were alternately high and low. The peak concentration of Ca (4.5%) appeared at 160 cm (~1960), with less variation than in other layers. Phosphorus had comparatively higher values of about 0.09% at 200 cm (~1951) and 70 cm (~1981), with lower values (< 0.075%) at 130 cm, 90 cm and 80 cm, and a higher abundance above the 30-cm layer. (4) S variation in the core fluctuated less than the other major elements. The S content was higher below 210 cm, and decreased at 210-180 cm (~1949 -~1958) before increasing gradually, with a sharp increase above 30 cm. It had a higher value (up to 0.14%) at 180-165 cm (~1956 -~1959), as well as at 100 cm, and the highest value of 0.17% was found at 10 cm (~2002).
(2) Trace elements. The concentrations of trace elements are shown in Figure 4 . Like the major elements, the core could be divided into two sections with dividing point at 110 cm, and the trace elements could also be divided into four categories. (1) The vertical variations in all heavy metals and Rb, Ga and Th were similar to each other, and consistent with Al. They increased at the bottom and then decreased in the lower part of the core. The highest value was found at 160 cm (~1960). In the upper sections, fluctuations were larger, with relatively lower values in the 95-cm, 70-cm, and 22-cm layers. Most of the heavy metals showed a significant rise above 30 cm (since the 1990s). (2) The vertical variation in Sr, Ba and Zr were consistent with that of Si. Strontium decreased at the bottom of the core before subsequently increasing in the lower part, with the minimum value of 130 × 10 -6 at ~160 cm, and intense fluctuations in the upper core. Barium showed little variance along the core with lower levels in the lower part of the core; Zr decreased in the lower part of the core, but increased sharply at 110 cm, and the concentration was higher with only slight fluctuations in the upper section. (3) Y showed little variance throughout the core. The highest value of 30 × 10 -6 occurred at 200 cm (~1951) and 70 cm (~1981), while the lowest (22 × 10 -6 ) was found at 190 cm. (4) The concentration of Nb increased gradually throughout the core sediments with a lot of variability. In the lower section, it first decreased, and then increased to 21.5 × 10 -6 at 195 cm (~1952). The lowest value of 15 × 10 -6 was found at 155 cm (~1961). In the upper part of the core, the highest levels occurred at 90 -60 cm (~1976-~1983). Although a reduced trend appeared at 60 cm, there was a marked increase from 30 cm to the top (since the 1990s) with a maximum value of 25 × 10 -6 .
Discussion
The objective of this work was to explore the responses of sedimentary records to human activities by studying the geochemical elements in this area. Therefore, it was essential to distinguish the indicators that reflect the impacts of human activities. Generally speaking, heavy metals in estuarine sediments were able not only to provide valuable information for geochemical and environmental studies, but also reflect the general pollution status in the target area [5] . Therefore they were regarded as important indicators for human activities. The heavy metals were mainly adsorbed by a variety of clay minerals and oxides, and were thus significantly constrained by the grain size. After normalization with Al, the effect of sediment grain size on heavy metal concentrations could almost be removed and could thus be used as a reference in this work.
Correlations and factor analyses between these elements were conducted to further identify grouped elements to reflect the impacts of human activities.
Correlation analysis
After performing a correlation analysis of major and trace elements and sediment grain size, the results indicated that there was no correlation between P, S, Nb and mean grain size, with low correlation coefficients of -0.07, 0.01, -0.04 respectively. Silicon, Na, Ca, Sr, Ba and Zr had positive correlations with each other, with the correlation coefficients to mean particle size at 0.5. The remaining elements showed good positive correlations with each other, but exhibited a negative relationship to particle size, with correlation coefficients of -0.45 − -0.61. Correlation analysis showed that most elements were constrained by the grain size of the sediment [27] , indicating that they are significantly influenced by natural processes. There was no relationship between P, S, Nb and the grain size, as these elements are often associated with agricultural production, combustion processes [28, 29] and chemical industries, which are significantly subject to human activities.
R-orthogonal rotation factor analysis
Element contents in marine sediments were controlled by many factors, and there are various reasons for the changes in a single element. But for a certain combination of elements, the driven reason is usually unique, and may indicate the source and sedimentary environment. R-factor analysis is an effective method to identify the combination of the elements, and can be more sensitive and efficient at classifying the elements, thus facilitating discussion of the variation as a whole.
Before the analysis, all the data were normalized at 0-1, to reduce analytical error and differences in numerical size and/or units between the major and trace elements. After performing factor analysis, as shown in Table 1 , the first four common factors, accounting for 81.732% of total data variance, were identified, representing the main information of the core sediments.
Factor F1, accounting for 60.358% of the total variance, was the dominant factor affecting changes in element contents. The loadings for Si, Al, Fe, Mg, Mn, Na, K, Ti, V, Cu, Ni, Pb, Zn, As, Sr, Ga, Rb, Th and Zr, had significantly positive or negative correlations with the average grain size. Therefore, F1 mainly reflected the grain size effect. Factor F2 contributed 9.761% of the data variance through the loadings of Ca and Sr. Ca mainly existed in the form of carbonate, with the main origin being biological debris. Sr also mainly existed in carbonate materials of biogenic origin, while the contribution of terrigenous origin was less than 20% [30] . The geochemical behaviors of Ca and Sr were similar to each other. F2 is thus attributed to marine biological processes.
Factor F3, with a variance contribution of 6.304%, was correlated with Zr, P and Y. These were always found in heavy minerals and were transported with debris, exhibiting a high concentration in coarser components than in clay, suggesting hydrodynamic control. Zr, P and Y mainly occur in zircon, apatite and xenotime, and various mineral and rare-earth mines have been developed in the upper reaches of the Yangtze River. Thus F3 is mainly associated with the combined effects of the geological background of the source area and hydrodynamic forces.
Factor F4 accounted for 5.309% of the total variance, through the loadings of S, As and Nb. The major sources of SO 2 in China are associated with tail gas emissions of sulfuric acid plants, non-ferrous metal smelting, and the coal fires. A major source is coal-fired flue gas, which contributes 85%-90% of SO 2 pollution [28, 29] . Human activities are a major source of As. Mining and smelting of sulfide ores, the chemical industry, and coal-fired processed produce large amounts of arsenic waste water, gas and residue. As in the atmosphere is mainly from coal combustion and ore smelting, and other sources like agricultural irrigation using sewage, industrial sludge, arsenic fertilizers, and pesticides [31] . Pure metal Nb is used to dispose of the residual gas in electronic tubes, and has been widely used in metallurgy, the iron and steel industries, and manufacturing of high-temperature metal-ceramics. It is often in the form of niobate. Therefore, factor F4 is believed to reflect the impact of anthropogenic activities.
To further analyze changes in the factors and their responses to deposition processes, their scores were calculated and are shown in Figure 5 . The first three factors had some fluctuations in scores, but no significant increase or decrease overall, indicating the stability of natural processes in the last 60 years. However, the increasing trend of factor F4 was very explicit in recent decades, showing the gradual intensification of human activities.
Response to human activities of elements records
Correlation analysis showed that the concentrations of S, P and Nb were less affected by particle size, and may reflect the impacts of human activities. But R-factor analysis showed that element P was mainly affected by the background of the source area, while factor F4, with S, As and Nb having the highest loadings, reflected the impact of human activities. Therefore, contents of S, Nb, As (as a ratio with Al) and scores of factor F4 mainly reflected human activities, they and the heavy metals could be regarded as proxies to human activities in the study area.
Gross domestic product (GDP) is often recognized as the best indicator of national economic development. China's economic construction has achieved great success in the last 60 years, maintaining a trend of GDP growth, with a particularly rapid increase since the 1980s. However, economic development was not steady and has been accompanied by many upturns and downturns, as can be clearly seen in the trend of GDP growth rate [32] .
By comparison the indicators of human activity were closely related to the changes in GDP growth; in particular F4 had a good agreement with the growth rate of GDP ( Figure 6 ). According to their fluctuations, five stages of human activities could be distinguished.
(1) The first stage was below 185 cm (i.e. before 1955), Figure 5 The profiles of the four factors in the core.
showing a trend of gradual reduction. The F4 score value was about 1 in 1946 and 1948, then reduced to -1.6 in 1955.
Contents of S and As were consistent with F4. The Nb content peaked in 1951 and then decreased. Heavy metal contents were higher before 1947, and then decreased with some fluctuations. The years 1945-1955 were the period from the eve of China's War of Liberation (1945 Liberation ( -1949 to the founding of the planned economy of New China. During the war, industrial production became paralyzed and eventually dramatic slowdown. Light industrial output decreased by 30% in 1949 compared with that before China's War of Liberation, while heavy industry decreased by 70% [32] . The industrial economy did not recover until after the subsequent foundation of the People's Republic of China, so the pollutants discharged by human activities were relatively low at that time. As a result, the F4 score and other indices were higher to start with and decreased from 1948, showing a good correlation with economic development. During the "First Five-Year Plan" period, the economy had recovered to some extent, and the industrial output was 78.39 billion RMB in 1957, an increase of 128.3% compared with 1953 [32] . But the "Great Leap Forward" movement in 1958-1960 and serious series of natural disasters in the following 3 years, led to serious economic difficulties in the early 1960s. Although the economy had recovered slightly by the adjustment in 1965, the following "Cultural Revolution" resulted in serious economic deterioration [32, 33] . During this period, the fluctuations of the proxies, especially F4, were consistent with the stages of economic development. This stage corresponded to the period of reform and opening up for China. GDP increased year by year, resulting in a distinct increase in pollutant emissions. All the indicators achieved their highest levels in 1986. After the excessive Figure 6 Proxies' records in the sediment core and their response to China's GDP growth (The unit of GDP is trillion yuan, and they were calculated by the price of 1950). development during the middle and late 1980s, economic development slowed, causing a continued decrease of the GDP growth rate in 1985-1989 [32, 33] . At the same time, the "Soil and Water Conservation" carried out in the upper and middle reaches of the Yangtze River, together with the reduced discharge of pollutants, meant that the indicator values declined during 1987-1991, reaching a minimum in 1991.
(4) The fourth stage was at 47-7 cm (i.e. 1987-2003). Although there were some fluctuations, every proxy rapidly increased over this period. The F4 score increased from -1 to 3.5, while S and As also increased sharply. Most heavy metals increased rapidly during this period, especially Nb after 1995.
China experienced further reform and opening up, and established a market economy system during this time. Remarkable economic achievements were made. As the GDP increased rapidly, a large number of organic fuels were combusted and copious industrial waste was discharged, causing rapid environmental deterioration while human life improved enormously. The Yangtze delta area became a sink for heavy metals, with the frequent occurrence of red tides [5] [6] [7] [8] . As a result, the proxies also increased rapidly during this period.
(5) The last period corresponded to 7 cm and above (i.e. [2003] [2004] [2005] [2006] . The F4 score dropped from 3.5 to ~1, and concentrations of S and As began to decrease, while the concentration of Nb changed little. The concentrations of Zn, Ni and Cr also reduced, while the other heavy metals scarcely changed or increased more slowly than before.
In recent years China, along with the rest of the world, has paid much attention to the consequences of environmental degradation. The plan introduced to control emissions of pollutants and to enhance management and protection of the environment has been effective for reducing the emission of pollutants in the environment.
Conclusions
(1) The correlation and factor analysis of geochemical elements showed that concentrations of the elements S, As and Nb and the scores of principle factor F4 are mainly attributed to human activities. Their records in the core sample, particularly the F4, were consistent with the GDP growth rate, reflecting close responses to human activities. They could therefore be used as proxies for human activities in estuaries with high deposition rates.
(2) In the last 60 years, the indicators reflected that human activities have gradually increased, especially in the last 20 years. The records could be divided into five periods at the dividing points of 185 cm (1955), 97 cm (1978), 47 cm (1992) and 7 cm (2003), which correspond to the different socioeconomic development stages in China: from the eve of China's War of Liberation to the early stage of the planned economy, the implementation of the planned economy, the reform and opening-up period, the market economy establishment stage, and the environment control and protection stage, respectively. 
